Diabetes mellitus (DM) is a major risk factor for heart failure, independent of coronary artery disease or hypertension (HT). Therefore, our study was designed to examine the mechanisms of DM-induced left ventricular (LV) diastolic dysfunction. In this study, we made five different 10-week treatment groups of Dahl salt-sensitive rats as follows: Control; a low-salt (0.5% NaCl) diet, HT; a high-salt (5% NaCl) diet, DM; a low-salt diet with streptozotocin (STZ) injection (30 mg kg À1 i.p.), HT+DM; a highsalt diet with STZ injection, and the Olmesartan group; a high-salt diet with STZ treated with an angiotensin receptor blocker, olmesartan (1 mg kg À1 day À1 ). Cardiac diastolic dysfunction with a preserved systolic function was noted in the HT group, and was most prominently noted in the HT+DM group, characterized by enhanced cardiac fibrosis, whereas the extent of HT and myocardial hypertrophy was comparable between the two groups. Myocardial expressions of collagen III, transforming growth factor-b2, angiotensin-converting enzyme (ACE), angiotensin II type-1 receptor and myocardial oxidative stress (evaluated by 4-hydroxy-2-nonenal-modified protein) were mostly enhanced in the HT+DM group. Importantly, there was a positive correlation between the extent of diastolic dysfunction and that of myocardial ACE expression. All these cardiac abnormalities induced by DM and HT were ameliorated in the olmesartan group. These results indicate that DM accelerates diastolic dysfunction in hypertensive heart disease through activation of the renin-angiotensin system, with subsequent inflammatory and oxidative stresses and myocardial fibrosis, suggesting that an inhibition of the system is effective for the treatment of diastolic dysfunction in this combined disorder.
INTRODUCTION
Heart failure has been considered to be a complex clinical syndrome that can result from any structural or functional cardiac disorder that impairs the ability of the ventricle to fill with or eject blood. 1 Recently, a number of studies have shown that heart failure could also occur in patients with a preserved left ventricular (LV) ejection fraction, which is often observed in patients with hypertensive heart disease. 2 This phenomenon was termed as diastolic heart failure (DHF) in contrast to systolic heart failure. 3 It is now widely accepted that DHF is also a major cardiovascular disorder with poor prognosis, accounting for approximately half of the patients with a heart failure symptom. 4, 5 It has been reported that nearly 30% of patients with DHF also have diabetes mellitus (DM). 6, 7 DM is a major risk factor for heart failure, 6, 8 because the disorder causes functional, biochemical and morphological abnormalities of cardiomyocytes, independent of coronary artery disease or hypertension (HT). 6 In the development of diabetic cardiomyopathy, DHF can be observed at an early stage, followed by progressive systolic heart failure at a later stage. 9, 10 It was suggested that patients with both DM and HT complicate LV diastolic dysfunction more severely than those with either condition alone. 11 Earlier studies have shown that DM exacerbates LV remodeling and heart failure after myocardial infarction in mice, wherein angiotensin II plays an important pathogenetic role. 12, 13 Indeed, angiotensinconverting enzyme (ACE) inhibitors are beneficial for coronary blood flow and cardiac performance in hypertensive diabetic rats. 14 However, the detailed mechanisms of DM-induced additive deleterious effects on LV diastolic dysfunction remain to be fully elucidated. Thus, this study was designed to examine whether the cardiac reninangiotensin system (RAS) plays an important role in the pathogenesis of DM-induced LV diastolic dysfunction in the presence of HT in rats.
METHODS
All procedures were carried out according to the protocols approved by the Institutional Committee for Use and Care of Laboratory Animals of Tohoku University. The authors had full access to the data and take full responsibility for its integrity. All authors have read and agreed to the article as it has been written.
Animal preparation
Male Dahl salt-sensitive rats (DIS/Eis, Japan SLC Inc., Shizuoka, Japan) were fed a normal diet from weaning until 7 weeks of age. Thereafter, they were randomly divided into the following five groups for 10-week treatments: a regular chow containing 0.5% NaCl with or without streptozotocin (STZ) injection (DM and control groups, n¼12 and 20, respectively), a high-salt (5% NaCl) diet for 10 weeks with or without STZ injection (HT+DM and HT groups, n¼12 and 14, respectively) and a high-salt diet with STZ injection and treated with olmesartan (1 mg kg À1 day À1 in the drinking water) from 11 weeks of age (olmesartan group, n¼12). They were given an i.p. injection of freshly prepared STZ (30 mg kg À1 ) in a 0.1 mol l À1 citrate buffer (pH 4.5) or citrate buffer alone at 11 weeks of age. Tail vein blood glucose samples were measured 3 days after injection of STZ or placebo to ensure the induction of diabetes. STZ-treated rats with nonfasted blood glucose level over 200 mg per 100 ml were determined to be diabetic. The rats with nonfasted blood glucose level below 200 mg per 100 ml received additional multiple i.p. injections of STZ in the same manner over a 2-week period, until the blood glucose level reached over 200 mg per 100 ml. After the hemodynamic studies, venous blood samples were collected to ensure the continuation of high blood glucose levels. All animals were housed under controlled temperature and a 12-h light/dark cycle. The diet and tap water were provided ad libitum throughout the experiment. We determined the sodium amount of the high-salt diet as being 5% NaCl and the duration of HT and diabetes as 10 and 6 weeks in this study, because our preliminary study indicated that STZ-treated rats fed a diet containing 8% NaCl had a high mortality rate during the study period for 8 weeks of diabetes, whereas STZ-treated rats with 5% NaCl had diastolic dysfunction without death during the study period for 6 weeks of diabetes. The present dose of olmesartan (1 mg kg À1 day À1 , PO) was also determined as being a subdepressor dose on the basis of our preliminary study, in which 0.6 and 1 mg kg À1 day À1 of olmesartan did not decrease tail-cuff systolic blood pressure measured at 2-week intervals in Dahl salt-sensitive rats. Its sub-depressor dose is relatively variable to be determined, because earlier studies using a Dahl saltsensitive rat model have reported that 0.6 or 3 mg kg À1 day À1 of olmesartan did not lower blood pressure but that 2.5 mg kg À1 day À1 of the drug did. [15] [16] [17] Therefore, we have carefully carried out our preliminary study in our system and determined that 0.6 and 1 mg kg À1 day À1 of olmesartan were sub-depressor doses. Systolic blood pressure and heart rate were measured every 2 weeks with a tail-cuff system (MK-2000, Muromachi, Tokyo, Japan). 18, 19 Echocardiographic study Transthoracic M-mode and Doppler echocardiographic studies were carried out at 7 and 17 weeks of age, using an ultrasonographic system (Aplio, Toshiba, Tokyo, Japan) with a 10 MHz transducer as described earlier. [18] [19] [20] They were anesthetized with ketamine HCl (50 mg kg À1 , i.p.) and xylazine HCl (10 mg kg À1 , i.p.), and were held in the half left-lateral position under spontaneous respiration. M-mode echocardiograms were recorded with short-axis views at the papillary muscle level of the LV at an M-speed of 100 mm s À1 . Thickness of the interventricular septum and of the LV posterior wall at end diastole (LVPWT) and LV diameters at end diastole (LVDd) and end systole (LVDs) were measured according to the American Society of Echocardiography leading edge method. 21 End diastole and end systole were determined at the point of the most posterior and anterior excursions of LVPW, respectively. LV fractional shortening (LVFS) (%) was calculated as: LVFS¼((LVDdÀLVDs)/LVDd)Â100. Doppler transmitral inflow velocity was recorded from an apical 4-chamber view, with the sample volume adjusted to the smallest size available (1.0 mm). Peak early diastolic filling velocity (E velocity), peak filling velocity at atrial contraction (A velocity) and their ratio (E/A ratio) were measured for consecutive five cardiac cycles. 22 
Hemodynamic study
Hemodynamic studies were carried out using a 2F high-fidelity manometertipped catheter (Millar Instruments, Houston, TX, USA) as described earlier. [18] [19] [20] At 17 weeks of age, after the echocardiographic study, the catheter was retrogradely introduced through the right carotid artery into the LV under general anesthesia. Tracings of LV pressure and ECG were digitized and processed by a computer system, to determine LV end-diastolic pressure, the peak positive and negative values of its first derivatives (dP/dt) and an index of LV relaxation, t, using a nonzero asymptote method as described earlier. 23 The LV end-diastolic pressure was determined from consecutive five cardiac cycles as the pressure at the point just before the onset of an increase in LV systolic pressure.
Histological examination
After the hemodynamic studies, the heart and the lungs were immediately harvested. The LV was carefully separated from the right ventricle, the atria and great vessels, and the weights of the LV and the lungs were measured. The ratio of LV weight to body weight was calculated as an index of LV hypertrophy. 19, 24 Apical portion of the LV below the papillary muscle was fixed with a phosphate-buffered 10% formalin solution for 24 h, embedded in paraffin, sectioned at 1.5 mm and stained with either hematoxylin and eosin or a sirius red stain to evaluate the extent of interstitial fibrosis. 19, 25, 26 The remaining LV was immediately placed in liquid nitrogen and stored at À80 1C for western blot analysis and mRNA quantification. Cardiomyocyte cross-sectional diameter was measured in the cells that were cut transversely with both a visible nucleus and an unbroken cellular membrane. 19 At least 30 cardiomyocytes were measured per heart, and the average was used for analysis. The percentage area of interstitial fibrosis in the LV at the papillary muscle level in the slides stained with the sirius red stain was determined as described earlier, 18, 19, [25] [26] [27] [28] using a commercially available computer software (Mac scope v 2.5, Mitani, Fukui, Japan).
Western blot analysis
Frozen LV tissues were homogenized in lysis buffer containing 50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 5 mM EDTA, 10 mM sodium pyrophosphate, 10 mM b-glycerophosphate, 1 mM sodium orthovanadate, 10 mM NaF, 1 mM ditbiothreitol, 1% Triton X-100, 10% glycerol and a 1% protease inhibitor cocktail. The homogenate of the LV was centrifuged at 15 000 r.p.m. for 20 min. The protein concentration of the supernatant was determined with bovine serum albumin as a standard protein. The same amount (10-30 mg for each experiment) of extracted protein was loaded for SDS-polyacrylamide gel electrophoresis and then transferred onto polyvinylidene difluoride membranes. 19 The membranes were probed with an antibody to ACE (sc-20791, at 1:2000 dilution, from Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA), to 4-hydroxy-2-nonenal-modified protein (N213220, at 1:5000 dilution, from NOF Medical Department, Tokyo, Japan) and to glyceraldehydes-3-phosphate-dehydrogenase (GAPDH) (sc-20357, at 1:2000 dilution, from Santa Cruz Biotechnology Inc.). Signals were visualized by the ECL detection system (GE Healthcare UK Ltd, Buckinghamshire, UK). Subsequently, the amounts of ACE and 4-hydroxy-2-nonenal expression were normalized to that of GAPDH expression.
Real-time PCR
Total RNA was isolated from rapidly frozen LV tissues using the SV Total RNA Isolation System (Promega, Madison, WI, USA). RNA was reverse transcribed by standard methods using a First-Strand cDNA Synthesis Kit (GE Healthcare UK Ltd). The expressions of type I and type III collagen, transforming growth factor (TGF)-b1 and -b2, angiotensin II type-1 (AT 1 ) receptor (AT 1 R) and GAPDH were evaluated by real-time reverse transcription-PCR as described earlier. 24 To correct the efficiency of cDNA synthesis, the amount of each measured mRNA was normalized to that of GAPDH mRNA as a housekeeping gene.
Statistical analysis
Quantitative results are expressed as mean ± s.d. The serial data were analyzed by two-way analysis of variance, and the differences at specific stages among the groups were determined by Fisher's post hoc test. Differences in a single parameter among the five groups were evaluated using one-way analysis of variance followed by Fisher's post hoc test for multiple comparisons. The correlations between variables were assessed by linear regression analysis. Values of Po0.05 were considered to be statistically significant.
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RESULTS
Blood pressure
At 7 weeks of age, systolic blood pressure was comparable among the five groups (Table 1) . At 17 weeks of age, after 10 weeks of a high-salt diet, the HT and HT+DM groups showed a comparable level of elevated blood pressure as compared with that in the control group, whereas the tail-cuff systolic blood pressure was equally elevated in the olmesartan group at the present dose (Table 1 ).
Blood glucose levels
Blood glucose levels at baseline were comparable among the five groups (Table 1) . After STZ injection, all three STZ-treated groups (the DM, HT+DM and olmesartan groups) showed equally elevated glucose levels than in the control group (Table 1) .
Echocardiographic parameters
In the HT and HT+DM groups, LV wall thickness was significantly increased at 17 weeks of age as compared with that in the control group ( Figure 1 ). LVDd and fractional shortening were comparable in all groups, indicating that the LV systolic function was preserved in all groups ( Figure 1 ). By contrast, the E/A ratio was significantly decreased in the HT group at 17 weeks of age, compared with that in the control group, and this decrease was significantly exaggerated in the HT+DM group, indicating that, when superimposed on HT, DM more severely impaired the LV diastolic function without affecting the systolic function ( Figure 1 , Table 2 ). In the olmesartan group, as compared with the HT+DM group, LV wall thickness was significantly ameliorated without altering the tail-cuff systolic blood pressure, and LV fractional shortening was slightly but significantly improved ( Figure 1) . The E/A ratio was significantly higher in the olmesartan group than in the HT+DM group ( Figure 1 ).
Hemodynamics
At 17 weeks of age, peak positive dP/dt was comparable among the five groups, indicating that there was no significant difference in LV systolic function among the five groups (Table 1) . Peak negative dP/dt and t, both of which are indices of LV relaxation, 19, 23, 29 were significantly impaired in the HT, DM and HT+DM groups as compared with those in the control group, and this impairment was significantly exaggerated in the HT+DM group than in the HT group in terms of t (Table 1) . Although the LV end-diastolic pressure was within the normal range in all groups, it was significantly higher in the HT and HT+DM groups than in the control group ( Table 1 ). The treatment with olmesartan significantly improved both peak negative dP/dt and t, but not the LV end-diastolic pressure, as compared with those in the HT+DM group (Table 1) .
Organ weights and histology
Body weight was significantly lower in the HT, DM, HT+DM and olmesartan groups than in the control group (Table 1) . By contrast, the tibial length was comparable in all groups ( Table 1 ). The ratio of LV to body weight or of LV to tibial length, an index of LV hypertrophy, and cardiomyocyte cross-sectional diameter were all significantly increased in the HT and HT+DM groups as compared with those in the control group, although these two parameters were comparable between the HT and HT+DM groups (Table 1, Figure 2 ). 
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The ratio of lung to body weight, an index of left-sided heart failure, was slightly but significantly increased in the HT and HT+DM groups to a similar extent as compared with that in the control group (Table 1) . Myocardial interstitial fibrosis in the LV was significantly increased in the HT group and, to a greater extent, in the HT+DM group (Figure 3) . Olmesartan treatment significantly ameliorated cardiomyocyte cardiomyocyte cross-sectional diameter and myocardial interstitial fibrosis as compared with those in the HT+DM group (Figures 2 and 3) , although it did not improve the ratio of LV to body weight (Table 1) . Olmesartan also tended to decrease the ratio of lung to body weight (P¼0.08) ( Table 1) .
Collagen gene expression
The HT+DM group showed an increased mRNA expression of type III collagen, but not of type I collagen, and these upregulations were significantly ameliorated by olmesartan treatment (Figures 4a and b) .
Proinflammatory cytokines
The mRNA expression of TGF-b1 and of TGF-b2 was enhanced in the HT and HT+DM groups as compared with that in the control group, wherein the olmesartan treatment significantly suppressed the expression of TGF-b2 and of TGF-b1 (P¼0.05, Figures 4c and d) .
Cardiac oxidative stress Cardiac 4-hydroxy-2-nonenal-modified protein expression, a marker of reactive oxygen species production, 30 was significantly increased in the DM and HT+DM groups as compared with that in the control and HT groups, indicating that hyperglycemia enhanced cardiac oxidative stress (Figure 5a ). Olmesartan treatment significantly ameliorated the 4-hydroxy-2-nonenal level (Figure 5a ).
Cardiac ACE and AT 1 R expression Cardiac ACE expression and AT 1 R mRNA levels were significantly increased in the HT+DM group than in the control, HT and DM groups, indicating that the combination of HT and DM significantly activated cardiac RAS (Figures 5b and 6a ). These enhanced ACE and AT 1 R expressions were significantly suppressed by olmesartan treatment (Figures 5b and 6a) . Importantly, there was a positive correlation between the extent of cardiac ACE expression and that of diastolic dysfunction (negative dP/dt and t), as well as between the AT 1 R mRNA levels and t (Figures 5c, d and 6b) . 
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DISCUSSION
The novel findings of this study are that (1) the association of DM with HT significantly activates cardiac RAS in a rat model of pure diastolic dysfunction, resulting in an increase in LV interstitial fibrosis, and further accelerates LV diastolic dysfunction, and (2) the inhibition of RAS with olmesartan ameliorates the HT+DM-induced diastolic dysfunction, interstitial fibrosis and the RAS activation of LV, independent of the changes in tail-cuff systolic blood pressure measured at 2-week intervals, as vasodilators including olmesartan might not decrease blood pressure in this volume-overloaded HT model at lower doses. 19 To the best of our knowledge, this is the first study that shows that an association of DM accelerates LV diastolic dysfunction in the hypertensive heart through RAS activation and the resultant oxidative stress (Figure 7 ).
Development of an animal model of pure diastolic dysfunction because of HT+DM Diabetes mellitus frequently coexists with HT as the concomitant underlying diseases in patients with DHF. 6, 7 It was suggested earlier that patients with both DM and HT have more severely impaired LV relaxation than those with either condition alone. 11 However, little is known about the detailed mechanisms of the diastolic dysfunction associated with DM and HT. In this study, we developed the HT+DM model, in which a Dahl salt-sensitive rat is fed a high-salt (5% NaCl)
Control (n=14) HT ( Quantitative analysis of western blot data for angiotensin-converting enzyme (ACE) and GAPDH in the control, HT, DM and untreated HT+DM groups at 17 weeks of age. DM synergistically activated the cardiac rennin-angiotensin system (RAS), as evaluated by the ratio of ACE/GAPDH, when superimposed on hypertension. Cardiac RAS activation was again significantly suppressed by olmesartan. (c and d) There was a significant positive correlation between the extent of cardiac ACE expression and that of diastolic dysfunction including both negative dP/dt (c) and t (d) from rats in the five groups. *Po0.05, **Po0.01 vs. Control; w Po0.05, z Po0.01 vs. HT; # Po0.05, ## Po0.01 vs. HT+DM.
Diabetes mellitus and diastolic function S Fukui et al diet for 10 weeks starting at 7 weeks of age, in combination with STZ injection at 11 weeks of age. All hypertensive and diabetic animals survived for 10 weeks without showing any heart failure symptoms or lung edema. We confirmed that at 17 weeks of age, the HT+DM group exhibited more severely impaired LV relaxation than did the HT group with preserved systolic function.
Impact of DM on diastolic dysfunction, myocardial fibrosis and RAS activation
In this study, although the extent of LV hypertrophy was comparable between the HT and HT+DM groups, as evidenced by both the ratio of LV weight to body weight and cardiomyocyte cross-sectional diameter, LV interstitial fibrosis was significantly enhanced in the latter group. As LV fibrosis plays a major role in the pathogenesis of LV diastolic dysfunction, 31-33 the mechanisms of DM-induced acceleration of LV diastolic dysfunction can be explained, at least in part, by the increased LV interstitial fibrosis, but not by the additional LV hypertrophy. In this study, we were able to show that cardiac ACE and AT 1 R expressions were significantly increased in the HT+DM group, indicating that DM complicated with HT markedly activates cardiac RAS in our model. This is consistent with a recent study showing that RAS is activated in DM. 34 Earlier studies have shown that RAS plays an important role in ventricular fibrosis mainly through AT 1 R. [35] [36] [37] [38] This study further shows that olmesartan treatment inhibits myocardial fibrosis and LV diastolic dysfunction induced by HT and DM. This study also showed that the expression of TGF-b was significantly enhanced in the HT and HT+DM groups. TGF-b is known to be a major stimulator of myocardial fibrosis activated by angiotensin II. 36 Thus, the fibrotic cytokine is likely to be involved in the pathogenesis of myocardial fibrosis in our present model. Moreover, reactive oxygen species production was significantly increased in the DM and HT+DM groups in this study. This is consistent with an earlier study that showed that hyperglycemia itself enhances oxidative stress. 39 Oxidative stress, which is also activated by an AT 1 R-mediated pathway 40, 41 and promotes myocardial fibrosis, 15, 42 is likely to be involved in the development of myocardial fibrosis in DM, as shown in this study. Furthermore, we were able to show that there was a positive correlation between the extent of cardiac ACE expression and that of diastolic dysfunction. Taken together, DM-induced RAS activation is substantially involved in the pathogenesis of LV diastolic dysfunction by promoting inflammatory changes, oxidative stress and the resultant interstitial fibrosis (Figure 7) .
The left ventricular relaxation abnormality, an early manifestation of diabetic cardiomyopathy, is one of the most important determinants of diastolic dysfunction, 43 and may contribute to the development of DHF. 6 LV relaxation is regulated by cytosolic Ca 2+ handling, including SERCA2a and phospholamban, both of which are involved in Ca 2+ re-uptake into the sarcoplasmic reticulum. Sakata et al. 44 showed in a rat DHF model that phosphorylation levels of phospholamban may play a more important role in LV relaxation abnormality than does the protein level of SERCA2a or phospholamban. 15, 44 In that model, AT 1 R-blockade ameliorated the downregulation of phosphorylated phospholamban and cAMP concentration, resulting in an improvement of the LV relaxation capacity. 15, 44 These results suggest a close relationship between RAS and LV relaxation. In addition, DM is directly associated with the abnormality of intracellular Ca 2+ mobilization through enhanced free fatty acid turnover (for example, lipotoxicity). 6, 45 Thus, it is conceivable that this Ca 2+ handling abnormality resulting from DM-induced RAS activation is also involved in the pathogenesis of the LV diastolic dysfunction in this study, in addition to an enhanced interstitial fibrosis (Figure 7 ).
Beneficial effects of olmesartan on diastolic dysfunction
Earlier studies have shown the beneficial effects of RAS inhibition in the development of diabetic complications including microangiopathy Diabetes mellitus and diastolic function S Fukui et al and macroangiopathy. 46, 47 In this study, olmesartan treatment significantly ameliorated LV diastolic dysfunction and interstitial fibrosis. We were also able to show that olmesartan ameliorated cardiomyocyte hypertrophy, increased collagen synthesis, and upregulated inflammatory cytokines. Moreover, olmesartan treatment significantly suppressed hyperglycemia-induced cardiac oxidative stress, suggesting the antioxidative effect of the AT 1 R antagonist. In addition, AT 1 R antagonists can inhibit the angiotensin II-induced upregulation of ACE mRNA, 31, 48 which is consistent with our present findings. Taken together, the beneficial effects of olmesartan on LV diastolic dysfunction are likely mediated, at least in part, by its direct inhibitory effects on cardiac RAS activation and oxidative stress, in addition to its antihypertensive effect.
Limitations of the study Several limitations should be mentioned for this study. First, in this study, we used STZ-induced diabetic rats as an animal model of DM, which is considered as a model of type-1 DM. However, type-2 DM is the majority form of DM that causes cardiomyopathy in the clinical setting of hypertensive heart disease. Thus, the present rat model may not fully represent the clinical features of patients with hypertensive heart disease complicated with DM. Second, in this study, the DM alone group exhibited only a modest abnormality of cardiac function, which is probably because of the short duration and modest severity of hyperglycemia. Longer exposure to diabetes with higher glucose levels might have caused more severe oxidative stress and LV fibrosis, which may worsen hemodynamic and morphological parameters. Therefore, in future studies, we also need to clarify the further mechanisms whereby HT and DM interact to cause diastolic dysfunction. Third, in this study, the increased ACE expression in the HT alone group did not reach statistical significance, although several earlier studies showed that the rat model of DHF with HT was associated with a significant activation of cardiac RAS. 31, 35 This discrepancy can be explained by the differences in the amount of sodium intake. Indeed, the elevation of systolic blood pressure in those and in our previous studies was higher than that in this study, 19, 35 because Dahl salt-sensitive rats were fed a diet containing 8% NaCl in those earlier studies. Moreover, in this study, we only assessed cardiac AT 1 R mRNA levels and protein levels of cardiac ACE, which may not necessarily reflect RAS activity. Fourth, in this study, we used a tail-cuff method to measure blood pressure, which is incapable of detecting the changes in diastolic blood pressure, in 24 h blood pressure or in blood pressure at night. Therefore, we cannot completely exclude the possibility that the olmesartan treatment might have decreased these blood pressures, accounting for its cardioprotective effects observed in this study. Furthermore, it is conceivable that these protective effects associated with olmesartan treatment could be caused by its blood pressurelowering effects which could not be detected by the tail-cuff method. Fifth, as all echocardiographic and hemodynamic measurements were determined under general anesthesia, we cannot completely exclude the influence of anesthesia in these results. However, anesthesia was carried out in the same manner in all the five groups. Sixth, we did not examine the change in insulin sensitivity in this study, which may influence diabetic cardiomyopathy and be affected by olmesartan treatment. 49 However, blood glucose levels at 17 weeks of age were comparable in the untreated HT+DM and olmesartan groups (407 ± 234 vs. 489 ± 172 mg per 100 ml, P¼0.25). Finally, heart rates in the echocardiographic study were significantly lower in two out of three diabetic groups (DM and olmesartan groups) as compared with those in the other groups ( Table 2) . As the values of Doppler echocardiographic index (E/A ratio) can be influenced by lower heart rates, 50 we have to take into account its effects on LV relaxation capacity. However, in this study, the E/A ratio was not correlated with the heart rates obtained in the echocardiographic study in all the five groups (R¼0.10, P¼0.44). Moreover, we further evaluated the LV relaxation capacity not only with the echo-Doppler study but also with the hemodynamic study using Miller's catheter, in which there was no significant difference in heart rates among the five groups (Table 1) . Therefore, we consider that our evaluation of LV relaxation was appropriate and correct, although we cannot completely exclude the influence of heart rate.
Clinical implications
This study indicates that an association of DM with HT accelerates the LV diastolic dysfunction mainly through RAS activation and oxidative stress, suggesting that RAS inhibition is useful for the treatment of hypertensive heart disease complicated with DM in humans.
